This work presents some results on the use of microbes from the genus Bacillus for uptake of cadmium, zinc, copper and lead ions. Maximum copper bioaccumulations were 5.6 mol/g biomass for B. sphaericus, 5.9 mol/g biomass for B. cereus and B. subtilis, and 6.4 mol/g biomass for Bacillus sp. Maximum zinc bioaccumulations were 4.3 mol/g biomass for B. sphaericus, 4.6 mol/g biomass for B. cereus, 4.8 mol/g biomass for Bacillus sp. and 5.0 mol/g biomass for B. subtilis. Maximum cadmium bioaccumulations were 8.0 mol/g biomass for B. cereus, 9.5 mol/g biomass for B. subtilis, 10.8 mol/g biomass for Bacillus sp. and 11.8 mol/g biomass for B. sphaericus. Maximum lead biomaccumulations were 0.7 mol/g biomass for B. sphaericus, 1.1 mol/g biomass for B. cereus, 1.4 mol/g biomass for Bacillus sp. and 1.8 mol/g biomass for B. subtilis. The different Bacillus strains tested presented distinct uptake capacities, and the best results were obtained for B. subtilis and B. cereus.
Beveridge (2) focused his studies on the microbial morphology and incorporation of heavy metals; he concluded that the interaction between heavy metals and surface biological structures is inevitable. This surface accumulation occurs through chemical reactions such as complexation and ion-exchange with structural compounds present in the surface of microbes and other organisms (3) . Incorporation is based on the polysaccharide composition of each particular organism, and is highly variable among distinct genera and even strains from the same species.
Two particular groups of metals are of interest in this case: valuable metals, such as gold, platinum and silver, and toxic heavy metals, specially those from mining metallurgical activities (4, 5, 6) .
Some basic points about the surface structures of Grampositive and Gram-negative bacteria should be briefly presented. A characteristic component of Gram-positive cells are teichoic acids and acids associated to the cell wall, whose phosphate groups are key components for the uptake of metals. The literature reports several studies on the interaction of heavy
INTRODUCTION
Industrialization is accelerating the deposition of heavy metals in soil and water bodies. In some ecosystems these metals can be easily incorporated by organic and inorganic fractions of the soil and by sediments. The extent of this incorporation depends on the concentration of metals and on characteristic biotic and abiotic factors. Nevertheless, in water bodies or soil, metals can be remobilized, acting as toxic elements. This way, it is essential to minimize deleterious effects of dispersion in natural waters, through the use of suitable technology-based techniques.
Conventional processes used for removal of heavy metals from industrial wastewaters include chemical precipitation, oxireduction, filtration, electrochemical techniques and sophisticated separation processes using membranes. These processes are usually expensive when heavy metals are present in moderate concentrations, such as 1 to 100 mg/L (1). This characteristic stimulates the use of alternative biotechnologies, due to their reduced cost and lower aggressiveness to the environment. metals with bacterial surfaces, but just a few works consider these interactions at the molecular level (2, 3) . Thus, a detailed investigation of the chemical structures of bacterial cells and the understanding of the mechanism involved in the interaction is still missing in the study of the bioaccumulation process. The rationale for using Bacillus cells to study the uptake of heavy metal elements is the previous knowledge that Gram-positive cells accumulate a much higher amount of heavy metals than Gram-negative cells. Carboxyl groups are the main agents in the uptake of heavy metals. The sources of these carboxyl groups are the teichoic acids, associated to the peptidoglycan layers of the cell wall.
In a broad review about the ultrastructure of the bacterial wall, surface structures were deeply detailed, providing a better understanding of the possible reaction sites (3, 4) .
The purpose of the present work was to investigate the ability of four Bacillus species, namely, Bacillus sp., B. cereus, B. sphaericus and B. subtilis to accumulate copper, cadmium, zinc and lead. The objective is the selection of the best microbial species to be used in association with waste biomaterials to turn a batch process into a continuous process, with the advantage of suppressing costs of immobilization of the microbial cells.
MATERIALS AND METHODS

Microbial strains
In the present study four microbial species were used: Bacillus sp., B. cereus, B. sphaericus and B. subtilis. All these strains were obtained from the culture collection of the Department of Biochemical Processes Technology from Rio de Janeiro State University (UERJ). Strains were maintained in agar slants containing nutrient broth. They were transferred weekly to new medium in order to keep metabolic activity and checked for purity by microscopic examination.
Culture medium
Cells were cultured in nutrient broth with the following composition: beef extract (3.0 g), peptone (10.0 g), dissodium phosphate (1.0 g), sodium chloride (5.0 g), dissolved in one liter of distilled water. Final pH was around 7.4-7.6. The medium was autoclaved at 121ºC for 20 minutes. Cultures were mantained in agar slants (nutrient broth plus 30 g/L agar).
Cultivation of the cells
Cells were inoculated in nutrient broth (100 mL/flask) and kept under agitation in a rotary shaker, at 80 rpm, for 48 hours at 27 ± 2ºC. Cells to be used in bioaccumulation experiments were separated by centrifugation.
Quantification of the cell
Cells were quantified by direct weighing of the biomass, after drying at 105ºC for 24 hours.
Solutions of metals
Solutions of copper, cadmium, zinc and lead sulphates were prepared in distilled water. 
Experiments of bioaccumulation
Experiments of heavy metals bioaccumulation were done in Erlenmeyer flasks containing 100 mL of each heavy metal solution and 16.0 ± 1.0 mg of cells. To ensure equilibrium, cells and metal solution were maintained in contact for 24 hours, under constant agitation, at 27 ± 2ºC. In all experiments, cells were obtained from only one cultivation and collected from the same flask at the same growth stage. Microscopic observations revealed that cells did not grow or were lysed after incubation in the metal solutions. After 24 hours, cells were separated from the medium and residual metal concentrations were monitored by atomic absorption spectrometry. Experiments were done in triplicate. Fig. 1 presents the results of bioaccumulation of copper, zinc, cadmium and lead, when Bacillus sp. was used. Bioaccumulation ranged from 0.2 to 6.4 mol/g biomass for copper; from 0 to 4.8 mol/g biomass for zinc; 0.2 to 10.8 mol/g biomass for cadmium; and, from 0.1 to 1.4 mol/g biomass for lead. Results are expressed as mol/g in order to allow a direct comparison of results for the different metals.
RESULTS AND DISCUSSION
An increasing uptake pattern can be observed for all the metals (Fig. 1) . Saturation of biomass by metals was not observed, indicating that available sites probably exist. More concentrated metal solutions should be used to reach saturation. However, determination of saturation levels was not the purpose of the present investigation, but the determination of the potential ability of the cells to accumulate heavy metals to be used as metal concentrators in wastewater treatment, immobilized on the surface of waste biomaterials. Classical adsorption equations were not here used, because probably uptake was not restricted to surface phenomena, once viable cells were here used. Any metabolic activity could be in action during the uptake. Fig. 1 also shows a selective uptake: cadmium > copper > zinc > lead. Fig. 2 represents metals uptake by B. cereus. The same qualitative results described for Bacillus sp. can be observed.
However, quantitative bioaccumulation ranged from 0.1 to 5.9 mol/g biomass for copper; from 0 to 4.6 mol/g biomass for zinc; from 0.2 to 8.0 mol/g biomass for cadmium; and, from 0.1 to 1.1 mol/g biomass for lead. Fig. 3 shows bioaccumulation of metals by B. sphaericus. Uptake levels ranged from 0.2 to 5.6 mol/g biomass for copper; from 0 to 4.3 mol/g biomass for zinc; from 0.2 to 11.8 mol/g biomass for cadmium; and from 0.1 to 0.7 mol/g biomass for lead.
Results obtained when B. subtilis was used are described in Fig. 4 . The same profile of metal accumulation was observed, however distinct uptake patterns were obtained: from 0.2 to 5.9 mol/g biomass for copper; from 0.1 to 5.0 mol/g biomass for zinc; from 0.2 to 9.5 mol/g biomass for cadmium; and from 0.1 to 1.8 mol/g biomass for lead.
In order to select a suitable Bacillus strain for further studies, a simple mathematical analysis was performed with the overall results obtained in the four groups of experiments. The first set of four bars from Figs. 1 to 4 were compared and the most suitable strain to accumulate the metals at each concentration level was detected. The same comparison was done with the other sets of bars in Figs. 1 to 4 . The results of these comparisons are presented in Table 1 on these results, B. cereus was selected as the best copper biosorber. If the same evaluation is performed for the remaining results from Table 1 , B. subtilis was the best zinc accumulator, B. cereus the best cadmium accumulator and B. subtilis, again, the best lead biosorber. Due to their poor performance, Bacillus sp. and B. sphaericus will not be included in future experiments. The selected Bacillus strains can be used, in the future, for heavy metals removal, immobilized on waste biomaterials. 
